Histone methylation is an important regulator of gene expression; its coordinated activity is critical in complex developmental processes such as hematopoiesis. Disruptor of telomere silencing 1-like (DOT1L) is a unique histone methyltransferase that specifically methylates histone H3 at lysine 79. We analyzed Dot1L-mutant mice to determine influence of this enzyme on embryonic hematopoiesis. Mutant mice developed more slowly than wild-type embryos and died between embryonic days 10.5 and 13.5, displaying a striking anemia, especially apparent in small vessels of the yolk sac. Further, a severe, selective defect in erythroid, but not myeloid, differentiation was observed. Erythroid progenitors failed to develop normally, showing retarded progression through the cell cycle, accumulation during G 0 /G 1 stage, and marked increase in apoptosis in response to erythroid growth factors. GATA2, a factor essential for early erythropoiesis, was significantly reduced in Dot1L-deficient cells, whereas expression of PU.1, a transcription factor that inhibits erythropoiesis and promotes myelopoiesis, was increased. These data suggest a model whereby DOT1Ldependent lysine 79 of histone H3 methylation serves as a critical regulator of a differentiation switch during early hematopoiesis, regulating steady-state levels of GATA2 and PU.1 transcription, thus controlling numbers of circulating erythroid and myeloid cells. (Blood. 2010; 116(22):4483-4491)
Introduction
Among the first differentiated cell types to emerge in the developing mammalian embryo are the blood cells. In the mouse, the process of blood development, hematopoiesis, begins at approximately embryonic day 7.0-7.5 (E7.0-E7.5), when cells originating in the primitive streak migrate to the site of yolk sac formation. 1 By E7.5, the cells coalesce into blood islands, where they mature, proliferate, and differentiate. 2 These early hematopoietic progenitors, termed primitive erythroid colony-forming cells, are nucleated red cells, which express primitive globins and can carry oxygen to nourish the developing embryo on the initiation of blood flow after E8.5. 1, [3] [4] [5] The presence of these primitive progenitors is transient, peaking in numbers at E8.0 and disappearing by E9.0, 2 whereas the progeny erythrocytes persist throughout gestation. 6 After E8.5, a second wave of hematopoietic progenitors emerges from a variety of sites, including the vasculature about the aorta-gonadmesonephros and the yolk sac. These cells enter the circulation and migrate to the developing fetal liver. There, they proliferate and undergo "definitive" maturation, giving rise to multiple adult hematopoietic lineages, including mature, enucleated erythrocytes. 7 This multistep process of hematopoiesis and the fate decisions of the developing cells are regulated by the precisely controlled, sequential induction and silencing of gene expression in response to a variety of growth and differentiation factors. 8 The identity of the cell-type specific genes that direct differentiation, the factors controlling their expression, and the mechanisms by which their expression is regulated are currently active areas of investigation.
Although many mechanisms probably contribute to the coordination of gene expression during hematopoiesis, it is becoming increasingly clear that epigenetic change is an important strategy used by eukaryotes to accomplish such complex regulation. [9] [10] [11] [12] One of the most widely studied regulators of epigenetic change is the enzymatic modification of histones. In eukaryotic cells, histones and histone-associated proteins along with DNA are packaged into nucleosomes, which are the fundamental repeating structural units of chromatin. 13 The histones can be posttranslationally modified in a variety of ways, including acetylation, phosphorylation, ubiquitination, and methylation. These modifications influence chromatin structure, facilitate interactions between nucleosomes, recruit nonhistone proteins to the DNA, and can potentially regulate transcription. 13, 14 Histone methylation has been shown to play an important role in regulating both chromatin function and gene expression. 15 Most histone lysine methyltransferase (HLMT) family members contain a conserved SET domain, which is required for enzymatic activity and is believed to be a signature motif for this class of enzymes. 13, 14, 16 One member of this family that is an exception to this rule is disruptor of telomere silencing 1 (Dot1), an HLMT first identified in Saccharomyces cerevisiae. 17 Unlike other HLMT, Dot1, as well as its mammalian homologue DOT1-like (DOT1L), lacks a SET domain. 13, 17 Further, the substrate residue for Dot1/ DOT1L is lysine 79 of histone H3 (H3K79), which is not located on the N-terminal tail of H3, but rather is located within a loop in the globular domain of the histone that is exposed on the nucleosome surface. 15 These unique aspects of DOT1L may underlie the distinctive biologic roles that have been identified for this enzyme relative to other HLMTs. 13, 14, 18, 19 The consequences of H3K79 methylation are incompletely understood, but this histone modification has been shown to be strongly associated with actively transcribed chromatin in several mammalian cell lines. 20 In a recent study, mice were generated in which DOT1L activity was disrupted by targeted mutation. This study focused on the embryonic development of Dot1L knockout (KO) mice, DOT1L function in embryonic stem (ES) cell growth, and aberrant telomere elongation in Dot1L KO ES cells. 21 Defects in yolk sac angiogenesis were reported, but no alterations in hematopoiesis were described. In other studies, however, H3K79 methylation was observed in the ␤-globin locus, suggesting a possible role for this histone modification in erythropoiesis. 20, 22, 23 To date, no detailed molecular level studies of the role of DOT1L in hematopoiesis have been carried out.
Here, we report the analysis of a mouse line in which a gene trap has been used to abrogate DOT1L activity. Our results confirm that DOT1L function is essential for embryogenesis, with embryonic lethality occurring at mid-gestation in Dot1L-deficient mice. Notably, we observed a defect in early erythropoiesis as a primary contributor to this embryonic lethality. By examining gene expression in hematopoietic progenitor cells of these embryos, we found that 2 genes critical for early hematopoietic fate decision, GATA2 and PU.1, were differentially affected by the loss of DOT1L function. This work highlights the importance of H3K79 methylation in embryogenesis and has begun to shed light on the molecular basis of DOT1L function in embryonic hematopoiesis.
Methods

Generation of Dot1L KO mice
A mouse ES cell line (Sequence Tag, RRR032) that contains a gene trap integration within exon 13 of the Dot1L gene and a ␤-geo selection cassette was obtained from Bay Genomics. Dot1L-mutant mice were generated per standard protocols according to blastocyst injection and mouse breeding protocols from Bay Genomics (http://baygenomics.ucsf.edu/protocols/ comp1/blastocyst.html). Dot1L heterozygous (Dot1L ϩ/Ϫ ) F1 mice were generated by breeding chimeras with C57Bl/6 females (The Jackson Laboratory). Stocks of heterozygous mice were maintained by continuous backcrossing to C57Bl/6 stocks.
Preparation of single yolk sac cell suspension
E8.5 or E10.5 embryos were obtained from timed mating between heterozygous Dot1L-mutant mice. Yolk sacs were incubated in 0.1% collagenase (StemCell Technologies Inc)/phosphate-buffered saline (PBS)/ 20% fetal bovine serum at 37°C for 30 minutes. The digested yolk sacs were aspirated through 25-and 30-gauge needles sequentially and then filtered through a 70-M nylon mesh (BD Biosciences). Genotyping was performed on DNA isolated from corresponding embryo tissues.
Culture of mouse embryonic fibroblasts
E10.5 embryos were dissociated by aspiration through a 25-gauge needle. Cells were incubated in 12-well plates at 37°C in complete Dulbecco modified Eagle medium (DMEM)/10% fetal calf serum (FCS) until confluent. Mouse embryonic fibroblasts (MEFs) were then incubated in DMEM/0.1% FCS for 72 hours, restimulated with DMEM/20% FCS for 24 hours, and harvested for analysis.
Extraction of histones from both starved and restimulated MEFs
MEFs were washed twice with ice-cold PBS plus 5mM sodium butyrate then trypsinized and resuspended (10 7 cells/mL) in Extraction Buffer (TEB: 0.5% Triton X-100 [vol/vol], 2mM phenylmethylsulfonyl fluoride, 0.02% [wt/vol] NaN 3 in PBS). The MEF/TEB suspensions were incubated on ice for 10 minutes and centrifuged at 800g for 10 minutes at 4°C. The supernatant was discarded, and the pelleted nuclei were washed in one-half the volume of TEB and centrifuged as before. The nuclear pellets were resuspended in 0.2N HCl at a density of 4 ϫ 10 7 /mL at 4°C overnight. The samples were centrifuged (800g), and supernatant was analyzed. Protein content was determined by the Bradford assay (Bio-Rad), and aliquots were stored at Ϫ80°C.
Western blot analyses
Western blot analyses of the extracted histones were performed with enhanced chemiluminescence following standard protocols. Antibodies against mono-methyl (ab2886), di-methyl (ab3594), and tri-methyl H3K79 (ab2621) were obtained from Abcam Inc. Antibodies against unmodified histone H3 and methylated H3K4, H3K9, H3K27, and H3K36 were all obtained from Cell Signaling Technologies.
Whole-mount immunolabeling for fluorescence
Embryonic membranes were isolated from timed matings at E10.5. Yolk sacs were fixed with 3% paraformaldehyde for 5 minutes and then transferred to fresh 3% paraformaldehyde for 10 minutes. Yolk sacs were permeabilized in PBS containing 0.2% Triton X-100 for 30 minutes. Nonspecific binding was blocked by incubation with 3% BSA plus 5% donkey serum in PBS (1 hour at 20°C ϫ 2). Tissues were then incubated with anti-platelet endothelial cell adhesion molecule 1 (CD31; BD PharMingen) at 4°C overnight, then washed 5 times in 0.5 mL of blocking solution for 1 hour each. A fluorescein isothiocyanate-coupled donkey antirat secondary antibody (1:75 dilution in blocking solution, 4°C overnight) was used for detection (Jackson ImmunoResearch Laboratories Inc). The yolk sacs were then mounted onto glass slides with the use of an antiphotobleaching medium for immunofluorescence detection.
Analysis of primitive and definitive erythropoiesis
Primitive erythropoiesis was measured by performing colony-forming assays as described. 2 Briefly, cells (3 ϫ 10 4 ) from E8.5 embryo and yolk sac were plated in methylcellulose containing 10% plasma-derived serum (Antech Inc), 5% proteinfree hybridoma medium (Gibco-BRL), and cytokines KL (100 ng/mL) and erythropoietin (2 U/mL; PeproTech Inc). Colonies were analyzed for identity, size, and number after 5-7 days of in vitro culture.
To assess definitive erythropoiesis, erythroid burst-forming unit (BFU-E) and granulocyte, macrophage colony-forming unit (CFU-GM) assays were performed. Dissociated cells (5 ϫ 10 4 ) from each E10.5 yolk sac were plated in M3434 methylcellulose medium (StemCell Technologies) in 35-mm culture dishes. In some experiments, cells were plated on medium (M3334) that only sustained the growth of erythroid CFU and mature BFU-E colonies. These cells were cultured at 37°C and scored according to the manufacturer's recommendations. Single-colony area was measured with ImageJ software (National Institutes of Health). 24
Cell sorting with c-kit and analysis of c-kit ؉ cells
Single-cell suspensions from yolk sacs were incubated for 30 minutes at 4°C with anti-c-Kit antibody conjugated to phycoerythrin cyanine 5.5 (eBioscience Inc). The c-kit ϩ cells were isolated by cell sorting with the use of a BD FACSAria cell sorter (BD Biosciences). Sorted cells (1.5 ϫ 10 4 ) were cultured, and colony growth was analyzed as described in "Analysis of primitive and definitive erythropoiesis."
RNA extraction and real-time polymerase chain reaction
Total RNA from sorted, c-kit ϩ yolk sac cells were extracted with the use of TRIzol reagent (Invitrogen) according to the manufacturer's instructions and used to make cDNA with the use of the SuperScript VILO cDNA Synthesis Kit (Invitrogen). Sequences of real-time polymerase chain reaction (PCR) primers for candidate genes were obtained from Primer Bank (http://pga.mgh.harvard.edu/primerbank/). Quantitative, real-time PCR was performed and analyzed with the 7500 real-time PCR system (Applied Biosystems). Fold change was calculated with the ⌬-⌬ Ct method. 25 
Apoptosis analysis and cell-cycle analysis
Single-cell suspensions from E10.5 yolk sacs were cultured in M3334 medium at 37°C for 4 days for the apoptosis analysis and 3 days for cell-cycle studies. For apoptosis, 1 ϫ 10 5 cells from each sample were stained with annexin V-phycoerythrin (BD Biosciences) and Topro 3 (Molecular Probes), following the instructions of the manufacturer. For cell-cycle studies, the cells were stained with propidium iodide. All analyses were performed by flow cytometry with the use of a FACSCalibur (BD Biosciences).
G1E cell culture and chromatin immunoprecipitation of the
Gata2 and Sfpi1/Pu1 loci G1E cells were provided by Dr Mitchell Weiss (University of Pennsylvania) and maintained according to published protocols. 26 Chromatin immunoprecipitation (ChIP) assays were performed as described. 27 ChIP antibodies included rabbit polyclonal anti-histone H3 mono-methyl K79 (H3K79me), di-methyl K79 (H3K79me2), and tri-methyl K79 (H3K79me3; Abcam Inc). Normal rabbit serum (BioSource International) was used as negative control. After immunoprecipitation, real-time PCR was performed to quantify precipitated DNA with the use of the 7500 real-time PCR system. Primer pairs for analyzing the Gata2 locus were designed with MacVector software (MacVector Inc). Pu1/Sfpi1 primer pairs were previously described. 28 Sequences can be found in supplemental Figure 1 
Results
Generation of mouse lines containing mutant allele of Dot1L
To generate an in vivo model of DOT1L function in the mouse, an ES cell line was obtained from Bay Genomics with an insertion mutation at the Dot1L locus. Four primers were designed to determine the exact position of the gene trap insertion. Three forward primers were within intron 11 of the Dot1L gene (F1, F2, F3), whereas the reverse primer was within the inserted gene trap (R1) ( Figure 1A ). Sequence analysis identified the gene trap cassette within exon 13 after the 26th nucleotide. This position is 5Ј to the region encoding the critical nucleosome binding region of DOTL1 (amino acids 390-407), which is essential for DOT1L enzymatic activity. 20 Thus, insertion in this area would be predicted to result in a substantial disruption of DOT1L function. Indeed, this gene trap has been used recently to analyze DOT1L loss of function in fibroblasts. 20 Embryos were generated with the gene-trapped stem cells, and genotyping PCR primers were used to distinguish wild-type (WT), Dot1L heterozygous mutant, and KO mice and embryos ( Figure 1B ).
DOT1L deficiency causes lethal, embryonic anemia
To assess the functional consequences of Dot1L loss, MEFs were derived from WT, heterozygous, and homozygous mutant (KO) E10.5 embryos. In MEFs from Dot1L-KO embryos, there was no significant expression of Dot1L mRNA (supplemental Figure 2 ). Because antibodies were not available to measure protein expression, DOT1L activity was assessed. Histones were prepared from each genotype, and immunoblot analysis showed that mono-, di-, and tri-methylation of H3K79, the reported substrate for DOT1L, 15 were completely abrogated in the KO MEFs, whereas in both WT and heterozygous MEF, H3K79 methylation was unaffected (Figure 1C) . The patterns of H3K79 methylation were not influenced by either the presence or absence of serum ( Figure 1C compare left with right panels), conditions known to influence histone methylation. 29 Other H3 lysine methylation marks, including dimethylation of K4, K9, K27, and K36, were unaffected in the mutant MEFs ( Figure 1C ). These results confirm that DOT1L is specific for H3K79 and is the only detectible H3K79 methyltransferase during embryogenesis, consistent with previous reports. 15, 21 The Dot1L ϩ/Ϫ mice appear phenotypically normal and fertile. However, on examination of Ͼ 150 pups, no viable Dot1L KO offspring were produced after breeding heterozygotes ( Table 1) , indicating that Dot1L deficiency resulted in embryonic lethality. To identify the timing and the cause of the Dot1L KO-dependent lethality, WT, heterozygous, and KO embryos were examined at several time points during development. The genotype distribution Histones were acid-extracted from cells, and proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Blots were probed with antibodies against histone H3 lysine 79 mono-(H3K79me), di-(H3K79me2), and trimethylation (H3K79me3). Other antibodies against histone H3 modifications were used to probe the blot: unmodified histone H3 (H3), dimethylated lysine 4 (H3K4me2), dimethylated lysine 9 (H3K9me2), dimethylated lysine 27 (H3K27me2), and lysine 36 (H3K36me2).
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BLOOD, 25 NOVEMBER 2010 ⅐ VOLUME 116, NUMBER 22 For personal use only. on January 22, 2018. by guest www.bloodjournal.org From at E9.5 occurred at expected Mendelian ratios, and there were no distinguishable phenotypic differences among WT, heterozygous, and KO embryos harvested from the litters at this time point. At E10.5, the distribution of viable embryos was close to the expected Mendelian ratios, but most KO embryos were reduced in size compared with WT littermates (Figure 2A-B ). In addition, Dot1L KO embryos exhibited a striking near absence of red blood cells, which resulted in an overall paler appearance than the WT embryos (Figure 2A-B) .
Examination of the yolk sacs showed that those from KO embryos also contained less blood and exhibited altered vessels in comparison to the yolk sacs from WT embryos ( Figure 2C -F). Immunofluorescence analysis of WT and KO yolk sacs with the use of anti-platelet endothelial cell adhesion molecule (CD31) showed that both contained abundant endothelial cells, which constitute the complex vascular plexus network present at this time. In WT yolk sacs at E10.5, progression of angiogenic remodeling was observed, as indicated by the large caliber vessels of the vitelline artery and vein. In Dot1L KO yolk sacs, the remodeling process was present; however, the vessels appeared disorganized and exhibited relatively deficient vascular branching, similar to the Dot1L-deficient yolk sacs described by Jones et al 21 (Figure 2G-H) .
At E11.5, the percentage of viable Dot1L KO embryos was much lower than the expected Mendelian ratio, and no Dot1Lmutant embryos survived at or beyond E13.5 (Table 1) . Collectively, these data show that the Dot1L KO embryos do not survive past mid-gestation, a phenomenon probably due to the severe anemia and associated defects in vascular remodeling.
DOT1L controls yolk sac erythropoiesis
The severe anemia observed in the KO embryos ( Figure 2 ) suggested that DOT1L is essential for hematopoiesis. Because it is thought that a primitive erythroid defect would contribute to anemia observed before E13, 7, 30, 31 we first investigated whether the loss of DOT1L affects the formation of primitive erythroid progenitor cells. At E10.5, most circulating, differentiated erythroid cells should be derived from primitive erythropoiesis. 7 A nonquantitative analysis of blood smears at this time point showed normal-appearing, nucleated erythroid cells in the Dot1L KO embryos of various stages of maturation (supplemental Figure 3 ). We carried out more quantitative CFU assays to determine the ability of primitive progenitors to proliferate and form colonies in response to growth factors. With the use of E8.5 embryos and yolk sacs as a source of primitive erythroid progenitors, we found that the Dot1L KO cells gave rise to significantly fewer colonies when we applied equal numbers of the cells onto each culture dish ( Figure 3A ). In addition, with the use of image analysis, we observed that Dot1L KO colonies were only approximately onehalf the average size of WT or heterozygous colonies ( Figure  3BG -H; P Ͻ .01).
We next analyzed definitive hematopoiesis at E10.5, when the anemic phenotype of Dot1L KO embryos is obvious, but embryonic viability remains unaffected. At this time, the fetal liver is not yet completely developed, and a substantial reservoir of embryonic hematopoiesis occurs in cells derived from the yolk sac. 2, 7, 32 Yolk sacs from E10.5 embryos were dissociated and plated under conditions that support multipotent, erythroid and myeloid progenitor cell differentiation. The number of definitive erythroid progenitors was measured by counting BFU-E colonies, which have a characteristic structure under light microscopy ( Figure 3I ). The total number of BFU-E colonies obtained from KO yolk sac cells was much lower than the number obtained from WT or heterozygous embryos ( Figure 3C ). In contrast, the number of CFU-GMs was not significantly different among WT, heterozygote, and KO yolk sacs ( Figure 3C ). The few BFU-E colonies generated from Dot1L KO yolk sacs were approximately 3 times smaller than WT colonies, suggesting that Dot1L-deficient erythroid progenitors are defective in their ability to optimally proliferate in response to growth factors in the media ( Figure  3D ,I-J; P Ͻ .01). No significant difference in the size of the CFU-GM colonies was observed among the different genotypes ( Figure 3D ,K-L). We next plated equal numbers of dissociated yolk sac cells on media that only supports the outgrowth of erythroid CFU colonies ( Figure 3E ). Under these conditions, significantly fewer KO erythroid colonies were derived than from either WT (P Ͻ .01) or heterozygous (P Ͻ .02) cells. The slight difference between WT and heterozygous colony numbers was not statistically significant (P ϭ .38). Primitive and definitive WT and Dot1L KO erythroid colonies were all positive for benzidine staining, indicating normal globin production in the KO cells. However, the staining was less intense in KO colonies, because of relatively lower cell numbers in each colony (supplemental Figure 4) . We also collected cells from primitive and definitive erythroid colonies and analyzed them by Giemsa staining. No gross structural differences between WT and Dot1L KO were observed at a single-cell level (supplemental Figure 5) .
The observed defect in erythropoiesis could be from either a reduction in the relative number of erythroid progenitors or a reduction in the developmental potential of these cells that are present. Hematopoietic progenitors in the yolk sac are enriched within the CD41 ϩ /c-kit ϩ (CD117) population. 33 Thus, we analyzed CD41 ϩ /c-kit ϩ frequency in E10.5 embryos. No significant differences were observed in the relative percentages of these populations between WT and Dot1L KO yolk sacs, although the absolute numbers of cells were lower (supplemental Figure 6 ). Likewise, we detected no differences in the percentages of total CD45 ϩ /c-kit ϩ cells in yolk sacs (supplemental Figure 7) . Therefore, the definitive progenitors in Dot1L KO yolk sacs emerge relatively normally.
C-kit is expressed by most common hematopoietic progenitor cells, 34 including those that give rise to erythrocytes. Identical numbers of sorted, c-kit ϩ yolk sac cells from each genotype were cultured under conditions that support both erythroid and myeloid differentiation. After 10 days of culture, no BFU-E colonies developed from KO, c-kit ϩ yolk sac cells, whereas myeloid colonies (CFU-GM) formed normally ( Figure 3F) . In contrast, c-kit ϩ progenitors from WT and heterozygous tissues formed BFU-E and CFU-GM colonies as expected.
Dot1L deficiency blocks cell-cycle progression and promotes apoptosis of hematopoietic progenitor cells
Defective erythropoiesis in the Dot1L KO could result from either an alteration in cell-cycle progression or increased apoptotic death of progenitor cells or both. To distinguish between For personal use only. on January 22, 2018. by guest www.bloodjournal.org From these possibilities, we plated cells from individual E10.5 yolk sacs on erythroid growth media for development into erythroid colonies. After 4 days of growth, we harvested the cells and analyzed their cell-cycle profile by propidium iodide staining and flow cytometry. An analysis of 7 WT and 8 KO embryos showed a significant defect in the KO cells' progression through the cell cycle. We found that in WT colonies, an average of 66% of cells were in G 0 /G 1 stages, whereas 20% and 14% of cells were in the S and G 2 /M stages, respectively. In sharp contrast, 82% of KO cells were found to be in the G 0 /G 1 stages, whereas 10% and 8% of the cells had progressed to S and G 2 /M stages ( Figure 4A ).
We also examined apoptosis by annexin V staining in E10.5 yolk sac cells. After 3 days of culture in erythroid growth media, Dot1L KO cells showed significantly more apoptosis than either WT or heterozygous cells ( Figure 4B ). These data indicate that DOT1L loss in yolk sac-derived, erythroid progenitors induces both an increased G 0 /G 1 period and an increased susceptibility to apoptosis. We postulate that the requirement for DOT1L in timely cell-cycle progression and survival of the erythroid lineage may be partly responsible for the reduced number and size of erythroblast colonies generated by KO yolk sacs.
DOT1L controls GATA2 and PU.1/Sfpi1 transcription
To more precisely understand the mechanism by which DOT1L affects erythropoiesis, the expression levels of genes known to play an important role in erythroid development were examined in sorted, c-kit ϩ WT and KO E10.5 yolk sac cells. We observed no significant changes in the expression of globin genes in Dot1Ldeficient cells (supplemental Figure 8) , consistent with positive benzidine staining of KO erythroid colonies (supplemental Figure  4 ). Remarkably, among the genes profiled by reverse transcription-PCR, only 4 were significantly affected by DOT1L loss: GATA2, which was reduced; and PU.1, SCF, and TRAP220, which were all increased ( Figure 5A-B) . The c-kit ϩ , hematopoietic progenitors showed a consistent elevation in PU.1 levels relative to WT ( Figure  5A ), whereas GATA2 expression was decreased by ϳ 40% ( Figure  5A) . These data suggest that the maintenance of a normal ratio of GATA2 to PU.1 is influenced by H3K79 methylation and are consistent with the reported reciprocal expression and functional relationship between GATA2 and PU.1 within hematopoietic progenitors. 27, [35] [36] [37] H3K79 methylation in the Gata2 and PU.1/Sfpi1 loci Because DOT1L loss affected GATA2 and PU.1 expression, we sought to determine the H3K79 methylation status within each locus with the use of ChIP analysis. To accumulate chromatin sufficient for this analysis, we used G1E cells, 26 a proerythroblast line that expresses high levels of GATA2 and low levels of PU.1 (supplemental Figure 9 ). We found that in the actively transcribed Gata2 locus, H3K79 mono-, di-, and tri-methylation are all enriched at the 1S promoter, the first exon after 1S, the 1G promoter, the first exon after 1G, and intron 4, which contains an important regulatory element [38] [39] [40] (Figure 6A ). In the silenced Pu1/Sfpi1 locus, we found that only mono-methylation was enriched in regulatory elements and in the promoter ( Figure 6B ). Although these results do not show that H3K79 methylation directly regulates transcriptional activity of either Gata2 or Pu1/ Sfpi1, they do correlate with the expression of these genes, suggesting a role for the histone mark in the regulation of their transcription. These results are in accord with previous studies showing that H3K79 di-and tri-methylation are associated with regions of active gene expression, whereas mono-methylation is indicative of gene regulatory elements. 20
Discussion
Given the special position of lysine 79 on histone H3 and the unique structure of its methyltransferase-DOT1L, we sought to examine the effects of a germline KO of the Dot1L gene on embryonic growth and development. While these studies were ongoing, another group showed that DOT1L loss resulted in embryonic lethality. 21 That group found that by E10.5, the viability of Dot1L KO embryos was below the expected Mendelian ratio and that no KO embryos survived beyond this time. The lethality in these embryos was mostly ascribed to defective yolk sac angiogenesis. We too observed similar defective yolk sac angiogenesis in Dot1L Ϫ/Ϫ embryos (Figure 2 ). However, because we also observed a selective and profound defect in erythropoiesis, we propose that the vessel-remodeling defects observed in the Dot1L-mutant extraembryonic tissues are largely a consequence of altered hematopoiesis and reduced blood flow in these embryos. Indeed, an essential role for blood flow and hemodynamic forces in driving angiogenic remodeling of the yolk sac has been shown previously. 4 Although Dot1L deficiency also resulted in embryonic lethality in our hands, our embryos survived somewhat longer than was reported in the study mentioned earlier. In contrast to that study, we found that at E10.5 embryo viability appeared normal. However, most KO embryos were reduced in size compared with WT littermates, and no Dot1L-mutant embryos survived at or beyond E13.5. We believe this discrepancy may be due to the different methods used to generate the mutant embryos. The mutant described by Jones et al 21 was generated by deletion of exons 5 and 6 of Dot1L, whereas the gene trap mutation used in our studies resulted in an interruption of the entire 3Ј of the gene, after exon 13.
Despite the differences in the generation of the KO, both Jones et al 21 and our findings show that Dot1L KO results in the absence of H3K79 mono-, di-and tri-methylation. Notably, the conclusion of Jones et al 21 about the absence of mono-methyl H3K79 was based on mass spectrometry rather than immunoblot analysis, which was the basis of our conclusion. This was because the mono-methyl H3K79 antisera reportedly cross-reacted with histone H3 in their hands. In our studies, this antisera worked well for Western blotting, was specific, and had minimal cross-reactivity with histone H3 ( Figure 1C ). The reason for this difference is not clear; however, it may be related to batch-to-batch variability of this polyclonal rabbit antisera or variability in secondary antibodies or means of detection.
Another group also examined DOT1L loss of function with the use of the same gene trap used in our study. 20 However, we have determined that the gene trap insertion is within exon 13, rather than in intron 12, as was previously suggested. 20 In agreement with our results, that study also reported specificity of the mono-methyl H3K79 antisera without cross-reactivity with H3 by immunoblot. In contrast to our findings, that group concluded that mono-methyl H3K79 was increased in the Dot1L KO cells. This conclusion was based on ChIP analyses, which showed enriched mono-methyl H3K79 in certain loci. The reason for this difference is not certain, but it is tempting to speculate that this result could reflect some level of cross-reactivity of the antisera with formalin-fixed H3 in the immunoprecipitations.
Primitive versus definitive erythropoiesis
Our results clearly show that Dot1L deficiency results in a significant defect in erythrocyte development, manifested by the severe anemia observed in E10.5 Dot1L Ϫ/Ϫ embryos. At distinct times in development, the yolk sac is a source of progenitor cells for both primitive and definitive erythropoiesis. 2, 7 Our colonyforming studies on cells from E8.5 and E10.5 embryos showed that DOT1L loss caused a defect in erythroid progenitors derived from both the primitive and definitive lineages. Analysis of isolated c-kit ϩ progenitors at E10.5 indicates that this defect resides in this cell population ( Figure 3F ). Although the total number of erythroid progenitors was reduced in the KO embryos, the relative percentages of these cells appeared normal (supplemental Figures 6-7) . This fact, coupled with direct visualization of blood at E10.5 (supplemental Figure 3) , indicates that both primitive and definitive progenitors can be produced and can mature normally. However, their common impaired expansion and survival in colony-forming assays suggests a shared deficiency or inappropriate response to erythroid growth stimuli, resulting in failure to form For personal use only. on January 22, 2018. by guest www.bloodjournal.org From large colonies in vitro and anemia in vivo. 36, [41] [42] [43] [44] This putativealtered response to growth factors is probably the primary cause of lethality in these embryos after E10.5. Collectively, these data indicate that DOT1L plays an essential role in the growth and differentiation of the erythroid lineage during early hematopoiesis.
GATA2 and PU.1 expression regulates erythroid formation
Expression analysis of several genes considered to be important in erythropoiesis showed only a few significant differences in c-kit ϩ progenitors derived from E10.5, KO yolk sac cells compared with WT cells, including down-regulation of GATA2 ( Figure 5A ). Whereas a ϳ 40% decrease may appear modest at first glance, it is comparable with that of Gata2 ϩ/Ϫ mice, which exhibit decreased colony-forming hematopoietic progenitors. 45 In addition to the decreased GATA2, there was concomitant up-regulation of PU.1. Notably, the relative expression levels of GATA2 and PU.1 are known to be critical for determining hematopoietic progenitor cell fate: high GATA2, low PU.1 in erythroid cells; and low GATA2, high PU.1 in myeloid cells. 36, 44 Selective defects in erythropoiesis caused by reduced GATA2 with corresponding increases in PU.1 transcription have been previously reported. 27 Another GATA family transcription factor important in erythroid fate, GATA1, remained unchanged in KO samples, although the expression levels were quite low in c-kit ϩ cells, consistent with published data. 27 Our gene expression results are consistent with a proposed model of erythroid differentiation 37 and provide us with a possible explanation for the anemic phenotype observed in Dot1L KO embryos. We propose that in the absence of DOT1L in erythroid progenitors, Gata2 transcription is significantly reduced, and at the same time there is an increase in PU.1 levels. We speculate that the reduction in GATA2 levels results in de-repression of the Pu1/Sfpi1 locus, enabling increased expression of PU.1. 27, 37, 46 As a consequence, PU.1 function becomes predominant, a situation known to block erythropoiesis while allowing myelopoiesis. 37 We did not observe an accompanying, compensatory increase in granulocyte/ monocyte development. This observation is consistent with the report that a selective loss of GATA2 does not result in increased myelopoiesis at the expense of erythropoiesis. 47 This implies that the effects of Dot1L loss (eg, gene expression changes, altered cell growth, etc) affect only those cells that have already committed to the erythroid lineage.
Thus, our data are consistent with a model by which DOT1Ldependent H3K79 methylation is an important regulator of the differentiation switch during early hematopoiesis, resulting in appropriate steady-state levels of GATA2 and PU.1. By maintaining the proper ratio of these 2 transcription factors at this early stage of hematopoiesis, appropriate proportions of circulating erythroid and myeloid cells are ensured. In future studies, it will be important to examine the effect of DOT1L on other epigenetic modifications, such as acetylation and methylation changes in the Gata2 and Pu1/Sfpi1 loci, and whether any observed changes in epigenetic status might affect transcriptional activation of these genes.
